The assessment of flow regime alterations is fundamental in understanding the potential impact of reservoirs and other water infrastructures on aquatic ecosystems and biota. Previously used methods to classify flow regimes have not captured temporal changes between unregulated and regulated flow regimes at individual stations. In this study, a combination of hierarchical classification and trend analysis was used to assess spatial and temporal flow regime alterations in the Huai River Basin, China. Two categories of flow regime indices were selected to characterize the impacts of reservoir and sluice regulation, including the basic flow indices for mean variation, and the cumulative variation indices for long-term alteration.
Introduction
River regulation and fragmentation are prevalent human activities that promote global socioeconomic development through flood control, water supply, and irrigation (World Commission on Dams: WCD, 2000) . So far, 60% of the rivers in the world have been regulated by 6862 registered large reservoirs and millions of small dams (Lehner et al., 2011) , and this is projected to reach 70% by 2025 (Postel, 1998; Zhang et al., 2014) . Most of these water projects are located in developing countries, particularly in China, which account for nearly half of water projects in the world (WCD, 2000) .
Water project constructions cause significant disturbances to natural river systems (Petts, 1984; Postel and Richter, 2003; Nilsson et al., 2005; Arthington et al., 2010; Arthington, 2012) . Water project construction and flow regulation alter the geomorphology of river channels (Graf, 2006) , flow discontinuity (Biemans et al., 2011; Costigan and Daniels, 2012) , sediment accumulation (Zhang et al., 2012a (Zhang et al., , 2013a , cause the deterioration of aquatic environments (Ahmet et al., 2006; Chung et al., 2008; Zhang et al., 2010) , biodiversity loss, and disturbance to riverine, floodplain and estuarine ecosystems (Bunn and Arthington, 2002; Wu et al., 2003; Poff et al., 2007) . Reservoirs and flow regulation are the most prominent causes of environment deterioration and biodiversity loss in freshwater ecosystems of the rivers in the world (Vörösmarty et al., 2010) .
The Huai River Basin is the sixth largest river basin, and has the highest density of water projects (reservoirs and sluices) in China, containing nearly 50% of the water projects in China. The reservoirs and sluices were constructed primarily for socioeconomic benefits, such as flood control, drought relief and power generation. However, several environmental issues have emerged since the 1970s, such as rivers drying up, sediment accumulation, frequent occurrences of water pollution incidents, and cancer epidemics in some villages (Zhang et al., 2015) . Whether these issues have close relationships with river regulation is one of the urgent questions to be answered in the integrated management of the Huai River Basin, and would be facilitated by a comprehensive assessment of flow change in the basin.
Many studies on flow regime alterations have been conducted to support hydrogeomorphic and environmental responses analysis, environmental flow assessments and river flow management (Arthington, 2012) . For the Huai River Basin, Hu et al. (2008) demonstrated the influences of upstream dams on hydrological regime and ecohydrological conditions via the Indicators of Hydrologic Alteration and Range of Variability Approach at Wujiadu Station. Wang and Xia (2010) assessed the impact of 26 reservoirs and 35 sluices on the average annual flow magnitude through a scenario analysis tool based on Soil and Water Assessment Tool (SWAT). Zhang et al. (2010 Zhang et al. ( , 2011 tested the trend of monthly flow magnitude and quantified the impact of water projects on flow magnitude and water quality in the upper and middle reaches of the Huai River Basin. Zhang et al. (2012b) identified six hydrological classes at 45 stations using hierarchical clustering algorithms as a precursor to environmental flow assessment. However, the impacts of flow regulation were determined by the change of class at each station from unregulated to regulated conditions. These studies demonstrated the broad geographic distribution of flow patterns in the Huai River Basin, and showed that flow regimes have been altered substantially by water infrastructures.
Flow regime classification is to partition flow regimes at large number of gauging stations into relatively homogeneous classes to assess complex patterns of flow regime variation across a broad range of spatial scales (Huang and Ferng, 1990 ). This approach is widely used to deduce the impact of reservoirs and sluices on flow regimes, as well as the consequences for freshwater ecosystems. The traditional way (Arthington et al., 2006; McManamay et al., 2012; Zhang et al., 2012b and Mackay et al., 2014) was to compare the class change of each station from unregulated to regulated conditions. However, there are limitations with this approach. First, flow alteration by reservoirs and sluices is a long-term and cumulative process, and hydrological classification is not sufficient to detect the changes of flow regime through time. Second, ecologically relevant flow metrics may be considered redundant by statistical approaches such as principal component analysis (PCA) and may therefore be excluded from the classification process (Monk et al., 2007; Mackay et al., 2014) . Third, given that the dominant indices that drive classification have changed and caused the differences of flow regime classes in the regulated and unregulated conditions, the comparison of flow regime classifications between these two conditions is subjective. Zhang et al. (2012b) and Mackay et al. (2014) indicated that most index values in the same class were changed in the regulated and unregulated conditions. Thus, the stations owing the same index values might belong to different classes under different conditions. For example, the flow regime class of Huangchuan Station was shifted to another class in Zhang et al. (2012b) . However, all the flow indices of this station did not change because it was located in an unregulated headstream. Furthermore, standardization is an essential procedure, to effectively avoid the influence of different units. However, the similar variations of an index (e.g., proportional change or a shift) among all stations by regulation are ignored because of standardization.
The purpose of this study is to explore a procedure of flow regime classification for comprehensively assessing the flow regime alteration in the regulated Huai River Basin in China. Our specific objectives are: (1) to apply trend analysis to determine how individual flow metrics vary through time; (2) to extend the ecologically relevant flow metrics to obtain a better understanding of flow regime alterations; and (3) to cluster individual stations by differences of flow metrics calculated from unregulated and regulated conditions to identify types of flow regime alteration.
Material and methods

Study area
The Huai River Basin (30°55 0 to 36°36 0 N, 111°55 0 to 121°25 0 E) is located in eastern China between the Yangtze River Basin and the Yellow River Basin (Fig. 1a) . The total drainage area is 270,000 km 2 and is divided into Huai River (190,000 km 2 ) and Yishusi River catchments (80,000 km 2 ). The main land uses are dry farmland (62%) and paddy (20%), followed by forest, grass, water and urbanisation. The Huai River Basin is not only the most populous basin in China with a population of 206 million in 2012, but also a crucial agricultural production base with grain output of 12.88 million tons in 2012, accounting for 24% of the total national production. The Huai River Basin has the highest density of water infrastructure projects in China and suffers from serious water pollution. Over 5700 reservoirs and 5000 sluices have been constructed, with a total storage capacity of 30.3 billion m 3 , which accounts for 51%
of the annual average runoff in the entire basin. Most rivers are fragmented by reservoirs and sluices. Reservoirs are storages with capacity of greater than 0.1 million m 3 and wall height of greater than 15 m, and tend to be located in the headwaters (Fig. 1b) . They are mainly designed for water supply, flood control and power generation. Sluices are storages being smaller than reservoirs in capacity and wall height, and tend to be located in the middle and lower catchments (Fig. 1c) . They are mainly oriented to interrupt river and attenuate peak flow for flood control (Zhang et al., 2010) . Aquatic ecosystems in the basin have deteriorated since the construction of reservoirs and sluices. For example, in 2008, more than 83% of the basin's rivers did not reach the national water quality standard (GB3838-2002) and 56% of the rivers had subhealthy or unhealthy aquatic ecosystem conditions (Xia et al., 2014) . This study focused on upstreams of Bengbu Sluice, which contains most of the reservoirs and sluices in the Huai River Basin. The four main tributaries are the Shaying River, Hongru River and Guo River in the northern part and the collection of rivers in the southern part. Flood and nonflood seasons are from June to September and October to May, respectively.
Data sources
Thirty hydrological stations were selected for flow regime assessment (Table 1) , including 12 stations downstream of reservoirs (reservoir-regulated stations), 12 stations downstream of sluices (sluice-regulated stations), and 6 stations located in the downstreams far from the reservoirs and sluices (refer to Fig. 1a ) and slightly affected by the regulation of reservoirs and sluices (least regulated stations).
Only the long-term monthly runoff data series from 1961 to 2000 were available from previous studies (Zhang et al., 2012b (Zhang et al., , 2013b . Runoff data for the Huai River Basin prior to flow regulation were unavailable for most stations. Furthermore, climate change directly affected flow regimes through time (before and after reservoirs and sluices were constructed). Consequently, the unregulated runoff series in the same period was reconstructed under the same climate scenario by the improved SWAT model (the improvement was made by coupling the model with the operational rules of reservoirs and sluices, see Zhang et al., 2013b) . The unregulated runoff series were simulated by setting the reservoirs and sluices fully open in the model. The model improvement and performances on runoff simulations were specified in Zhang et al. (2013b) , and the simulated runoff matched well with the observations at monthly scale for most stations.
Flow regime indices
A flow regime is a multivariate assembly of flow characteristics (McManamay et al., 2012) . The basic characteristics are magnitude, frequency, duration and timing of particular flow (e.g., floods and dry spells); the variability of overall flow regime, all of which depict the mean variation of flow regimes during a long-term period (Poff et al., 1997; Olden and Poff, 2003) . In this study, 58 indices were used to characterize flow regimes, including 25 magnitude indices, 13 variability indices, 8 frequency indices, 7 duration indices and 5 timing indices.
Moreover, flow regime alteration is a cumulative change as the operational rules of reservoirs and sluices usually vary through time, and their completion times are different throughout the basin (Vörösmarty et al., 2010; McManamay et al., 2012 , McManamay, 2014 Zhou et al., 2014) . The temporal variation of the long-term runoff series should be considered. In this study, the variation through time was characterized by the temporal slope (SL), which is estimated as follows: Hirsch et al. (1982) , where n is the length of this index series; X is the flow series. Thirteen SLs were used to describe the flow variations through time, including one for the annual flow series and 12 for the flow series of individual months. The negative value of SL indicates a decreasing change of flow series, while the positive value indicates an increasing change.
In total, 71 indices were used in this study. The description and calculation procedures of all indices were summarized in Table 2 . Two sets of index values were calculated for regulated and unregulated regimes, respectively.
Statistical analysis
Three methods were used to assess temporal and spatial variations in flow regimes: (1) For each station, the regulated and unregulated indices were compared to identify those indices which were most influenced by reservoirs and sluices; (2) The seasonal Mann-Kendall (SMK) test was used to assess the temporal changes of flow indices at individual stations through time. (3) For spatial impact assessment, the differences between unregulated and regulated indices were clustered to comprehensively explore the flow characteristic classes and stations that have been altered by reservoirs and sluices. The assessment procedure was shown in Fig. 2 , and the specific methods were presented in detail below.
Single index variation of each station
The relative change ratio (R) of each flow metric was calculated by comparing the regulated value with the unregulated value. In this study, the change was divided into four categories based on percentiles (±20% increments), i.e., ''high" (R P 40% or R 6 À40%), ''moderate" (20% 6 R < 40% or À40% < R 6 À20%), ''low" (0 < R 6 2 0% or À20% 6 R < 0) and ''unchanged" (R = 0).
Temporal impact assessment
The trend analysis was used to explore the long-term impact of reservoirs and sluices on flow regimes. However, seasonality and temporal autocorrelation usually exist in the long-term series. In this study, the SMK test was applied to detect whether trends existed in regulated and unregulated data sets (Hirsh and Slack, 1984; Helsel and Frans, 2006) . Moreover, flow trends at the reservoir-regulated, sluice-regulated and least regulated stations were compared. The commonly used significance level (a ¼ 0:1) with the corresponding threshold value of 1.65 was adopted here. If the standardized SMK test statistic Z was greater than 1.65 or less than À1.65, the existing trend was considered statistically significant. A larger value of slope (SL) indicated a stronger change through time.
Spatial impact assessment
The spatial impact assessment of flow regime was conducted by comparing the differences of all the indices at all the 30 stations under the regulated and unregulated conditions. PCA and cluster analysis were employed for hydrological classification. Given that flow indices may be highly correlated, PCA was firstly used to merge correlated indices into independent components. Flow indices were standardized to zero mean and unit standard deviation prior to analysis (Snelder and Biggs, 2002; Zhang et al., 2012b) . In general, the cumulative variance more than a certain threshold (80-100%), indicates that the corresponding components capture sufficient variances of hydrological indices. In this study, the threshold was set at 80%, as recommended by Jolliffe (1972) and Coghlan (2011) , and the corresponding resulted components were used in the classification.
To identify the insignificant change class objectively and intuitively, a virtual reference station with differences of 0.0 for all the indices was added into these 30 stations for classification. The class where the virtual reference station was located was determined as the insignificantly impacted class by regulation because the flow regime variations at the stations in this class were similar to the virtual station. The method of Ward (1963) was employed for hierarchical clustering of PCA components. The Goodman-Kruskal index (GKI) (Goodman and Kruskal, 1954) , C index (CI) (Hubert and Schultz, 1976) , and the cluster size were used to determine the appropriate number of clusters for each analysis. In this study, the most robust clustering was determined by the greatest value of GKI and the lowest value of CI. Moreover, all the cluster sizes should not be less than three to ensure the representativeness and integrity of clusters for the assessment of flow regime alteration. Statistical analyses were completed with R software (version 3.1.1) (R Development Core Team, 2010). The following R packages were used in the analysis: princomp function in stats package (version 3.1.1) for PCA (R Development Core Team, 2010) , hcluster function in amap package (version 0.8-12) for hierarchical clustering (Antoine and Sylvain, 2006) and cluster.stats function in fpc package (version 2.1-9) for cluster performance assessment (Meila, 2007) . Moreover, the variation characteristics of different classes were described by some representative flow indices (Snelder et al., 2009 ).
Results
Overall flow characteristics
At the reservoir-regulated stations, the change of MF M was low during the long-term period, except at Bos (À57.0%) (Fig. 3) . However, the interannual distributions of flows were highly changed, particularly the magnitude of low flow events and in the nonflood season (LM 75 , LM 90 , LM 99 and MF 10 -MF 05 ). As indicated by CV indices, the flow variability increased at Bos in the northern part, Meis and Xianghd in the southern part, but decreased at Zhaopt in the northern part and Mozt in the southern part. Moreover, channel drying (LD zr ) was increased at Bos in the northern part, Meis and Xianghd in the southern part, but was highly decreased at Baigs, Gust, Suyh and Zhaopt in the northern part, as well as Mozt in the southern part. The flow regimes at five stations in the northern part (Bais, Bos, Gust, Suyh and Zhaopt), and three stations in the southern part (Meis, Mozt and Xianghd) were the highest altered.
At the sluice-regulated stations, the change of MF M was also low, except for Hek and Maw. However, flow magnitudes increased in most months of the nonflood season (January, February and October to December), but decreased in August. Low flow magnitudes (LM 75 , LM 90 and LM 99 ) were highly increased, and high flow Most of flow indices (including flow magnitude, variability, frequency, duration, time and slopes) for least-regulated stations did not differ appreciably between unregulated and regulated conditions. However, high flow magnitudes (particularly H x3 and H x7 ) and monthly CV decreased at most stations, except for Xinc in the Hongru River. Thus, the flow regimes at most stations became stable. The frequencies of low and high flows were highly increased at Hengpt in the southern part and Lutz in the Huai River, and the duration of low flows were highly increased at Hengpt and Jiangjj in the southern part, and Lutz in the Huai River. Moreover, as indicated by LD zr , the channel drying was slightly strengthened at Xinc in the Hongru River, but it did not change at other stations. The highest alterations were at Jiangjj and Hengpt in the southern part.
Temporal alteration of flow regimes
At the reservoir-regulated stations, the results of SMK tests showed that the unregulated monthly flow magnitudes increased significantly (Table 3) ). The first 58 metrics were modified from Kennard et al. (2010a,b) . unregulated conditions at nine stations (i.e., Fuzl, Mozt, Meis, Nianys and Xianghd in the southern part and Zhaopt, Gust, Baigs and Bais in the upstream of Shaying River). The temporal slopes were mainly affected in nine months from March to November. Therefore, reservoir regulation induced clear trend differences between the regulated and unregulated flow magnitudes.
At the sluice-regulated stations, the unregulated flow magnitudes showed significantly increasing trends in June (e.g., Luoh, Maw and Zhouk) and significantly decreasing trends in April (e. g., Hek, Suip, Luoh, Zhouk, Jies and Huaid) and November (e.g., Bant). The greatest increasing and decreasing slopes were 0.19 mm/year (SL 06 at Luoh) and À0.36 mm/year (SL 04 at Hek), respectively. However, the regulated flow magnitude decreased significantly during the nonflood season in the middle Shaying River (Maw, Luoh, Zhouk and Huangq) and SL 11 of Suip in the middle Hongru River. The greatest slope was À1.22 mm/year (SL M at Maw). Only the flow magnitude in June at Hek and Luoh increased significantly, and the greatest slope was 0.62 mm/year, which appeared at Hek. Nine stations had different trend directions between the regulated and unregulated conditions, namely, Hek, Luoh, Maw, Jies, Zhouk, Huaid and Huangq in the Shaying River, and Suip and Bant in the Hongru River. The temporal slopes were mainly affected in January to March, June, and September to December.
At the least-regulated stations, the trends of unregulated flow magnitude were not statistically significant for most months, except for SL 03 at Hengpt, SL 06 at Jiangjj in the southern part, SL 11 at Wangjb and SL 07 and SL 11 at Xix in the Huai River. The greatest decreasing and increasing slopes were À1 mm/year, which appeared at Xix, and 0.78 mm/year, which appeared at Jiangjj, respectively. In the regulated condition, the significant decreasing trends were detected only at Hengpt (SL 01 ) and Xix (SL 07 and SL 11 ), and the significant increasing trends were only observed at Hengpt (SL 06 ) and Jiangjj (SL 05 and SL 06 ). The greatest decreasing and increasing slopes were À0.88 mm/year, which appeared at Xix, and 1.24 mm/year, which appeared at Jiangjj, respectively. However, the trend directions at four stations (i.e., Hengpt and Jiangjj in the southern part, Xix and Wangjb in the Huai River) were different between the regulated and unregulated conditions in five months (January, May to July and December).
Spatial alteration of flow regimes
The differences of 71 flow regime indices between the unregulated and regulated conditions were summarized by PCA into seven components with cumulative variance of 80.2% (Fig. 4) . The first component (accounting for 29.1% of variances) was related to the differences of magnitudes of low and high flows, and magnitudes in the nonflood season, the high flow frequencies, and CV of monthly flows. The second component (13.8% of variances) was related to the differences of CV of flows in the nonflood season, the flow timing, and the temporal slopes in the flood season. The third and fourth components (12.0% and 9.4% of variances, respectively) were related to the differences of durations and frequencies of low flow, and high flow, respectively. The fifth and sixth components (6.2% and 5.1% of variances, respectively) were related to the differences of temporal slopes in the nonflood season, while the seventh component (4.7% of variances) was related to the differences of flow magnitudes in April and August. However, the variances of 10 indices (MF M , LF 99 , HF 01 , LD 90 , LD 99 , HD 01 , TMn M , TMx M , SL 10 and SL M ) were excluded automatically by PCA because these indices did not have a significant loading on any components.
Classifications were evaluated with two to four clusters based on the PCA components (Table 4 ). The classification result was not affected by the virtual station (Fig. 5) . The final classification had four clusters with the greatest value of CKI (0.61) and the least value of CI (0.14).
Thirteen stations belonged to Class 1, namely, three reservoirregulated stations (Zhaopt, Baigs and Banq), five sluice-regulated stations (Huangq, Suip, Bant, Guoy and Bengb), four least regulated stations (Xinc, Xix, Wangjb and Lutz) and the reference station. These stations were distributed in the upper Shaying River (three stations), Hongru River (four stations), Guo River (one station) and Huai Mainstream (four stations) (Fig. 6) . Although some indices of these stations were changed (e.g., temporal slopes and high flow magnitudes), the differences of most indices were close to 0.0 (Fig. 7) . Thus, flow regulation did not significantly change the overall flow regime characteristics. This class was named as Late Summer Flow with No Significant Variation (Late Summer Flow: NS) (Table 5 and Fig. 8a ).
In Class 2, six stations were located in the southern part (four reservoir stations and two least regulated stations) (Fig. 6) . The difference of MF M was À0.00043 mm/year, and the flow magnitudes increased in the late spring and early summer, but decreased in the other months (Fig. 7) . The obvious difference appeared in June (0.04487). Thus, the flow magnitudes were further increased by the regulation in the flood season, but decreased in the nonflood season. Flow regimes became more variable, particularly in late spring and summer. The flow frequencies of low and high flows decreased while their durations increased. Thus, channel drying was increased, and LD zr increased from 0.022 to 0.066 month/year. Moreover, the differences of TMn M and TMx M were positive and negative, respectively, which indicated that the occurrence time was delayed for the minimum flow, but advanced for the maximum flow by the regulation. For the temporal variation trends, the long-term impact of regulation caused the increase of flow in late spring and early summer and the decrease of flow in the other months. Thus, flow gradually increased in summer, and the variation was named as Middle Summer Flow with Less Magnitude, More Variability, and More Intermittency by Regulation (Middle Summer Flow: L-V-I) (Table 5 and Fig. 8b) .
Seven stations belonged to Class 3, including six sluiceregulated stations in the middle Shaying River and one reservoirregulated station in the upper southern part (Fig. 6) . The regulation did not obviously change the magnitude of average flow, high and low flows, and average flow variability. However, it changed the distribution of flow magnitudes and variability in the calendar months (Fig. 7) . In particular, the flow magnitude decreased obviously in the summer, but increased slightly in autumn and winter. Flow variability increased in spring, summer and autumn, but decreased in winter. The most obvious differences of magnitudes and variability were 0.03 (MF 07 ) and 0.26 (CV 03 ), respectively. The frequencies of both low and high flows decreased, but their durations increased. Channel drying was distinctly aggravated, and LD zr increased from 0.011 to 0.301 month/year. Moreover, the differences of both TMn M and TMx M were negative, which indicated that the occurrence times of the minimum and maximum flows were advanced by the regulation. For the temporal variation trend, the long-term impact of regulation was detected as increasing flow in April and June and decreasing flow in autumn and winter. Thus, flow gradually decreased in the autumn and winter, and the variation was named as Late Summer Flow with Less Magnitude, More Variability, and Much More Intermittency by regulation (Late Summer Flow: L-V-MI) (Table 5 and Fig. 8c ).
Five stations belonged to Class 4 including four reservoirregulated stations and one sluice-regulated station. These stations were located in the tributaries of the upper Shaying River and the Hongru River (Fig. 6) . The index differences were greater than those in other classes, particularly the flow magnitudes of flood season and high flow, flow variability, frequency and duration of low flow and zero-flow months (e.g. MF M = À0.00439 mm, MF 08 = À0.059, CV M = 0.22, H x3 = À26.76, LF 90 = 11.60 and LD zr = 1.07 months/year) (Fig. 7) . The differences of flow magnitudes were negative in the flood season, but positive in other months. This finding was attributed to more significant decrease of the regulated flow than the unregulated flow in most months, except in July. The CV of monthly flows decreased in spring and autumn with the average amplitude of À0.157, and increased in summer and winter with the average amplitude of 0.078. However, the CV at the annual scale decreased with the amplitude of À0.224. Thus, flow regimes became stable, particularly in spring and autumn, but variable in summer and winter. Frequency differences of low flows were positive, whereas the differences of high flows were negative. The duration differences were no less than 0.0, particularly LD zr (1.07 months/year). For the flow timing, TMn M and TMx M were obviously advanced. The long-term impacts of regulation mainly manifested that flow increased in the spring, June and autumn, but decreased in July. Thus, flow gradually (Table 5 and Fig. 8d ).
Discussion
Overall impact patterns by reservoirs and sluices
The overall impacts of reservoirs and sluices in the Huai River Basin were similar to those reported in existing studies (Richter et al., 1996; Nilsson et al., 2005; Poff et al., 2007; Arthington, 2012; Zhang et al., 2010 Zhang et al., , 2013b McManamay, 2014) . These impacts caused the reduction of flow regime diversity and variability (i.e., high flow magnitudes, flow variability and frequency were decreased but low flow magnitudes and flow duration were increased) (Fig. 3) . However, several distinct patterns were also detected, which were highly dependent on the characteristics of individual reservoirs and sluices and their actual capacities and regulation rules.
The flow regimes in Class 4 were altered most significantly because of the large regulation capacities (17.28-88.59% of runoff) of the reservoirs in the headstream of northern tributaries. The regulation rules of reservoirs aimed to discharge water for residential needs and irrigation needs in the nonflood season and to store water for flood control in the flood season (Zhang et al., 2013b) . This regulation category was quite similar to the ''run-of-river reservoir" in the nonflood season and the ''storage reservoir" in the flood season (after Poff and Hart 2002; McManamay, 2014) . All stations in Class 2 were regulated by reservoirs in the headstream of southern tributaries with the regulation capacities from 20.89% to 130.83%. These reservoirs were usually reserved as the emergency water sources for the upper and middle Huai River Basin. Thus, these reservoirs always aimed to store water for emergency needs (e.g., severe droughts and the specified paroxysmal water pollution incidents) and to discharge redundant waters before and in the early flood season to maintain safety (Zhang et al., 2013b) . This reservoir belongs to the ''run-of-river reservoir" category in the nonflood season. Most stations in Class 3 were the sluice-regulated stations in the middle and downstream of Shaying River. These sluices aimed to regulate peak flows in the flood season and to have slight effects on water storage (Zhang et al., 2013b) . This category could be considered as the peak flow regulation sluice, which was different with the coarse rules of diversions and small dams in McManamay (2014) . Although the regulation capacities by individual sluices were limited (from 0.26% to 2.21%), the accumulation of upstream regulations also altered flow regimes (Table 1) . Furthermore, the insignificant variation of flow regimes in Class 1 might be attributed by the slight regulation capacities (i.e., Suip, Bant and Bengb) or large flow magnitudes in the downstream of tributaries or Huai River (i.e., Xinc, Xix, Wangjb and Lutz). Three exceptions of reservoir-regulated stations were still in Class 1 (i.e., Banq, Zhaopt and Baigs), where the regulation obviously changed the indices (Fig. 3) .
Comparison of the regulations by reservoirs and sluices
The regulations by reservoirs and sluices were quite different according to the flow classification, such as ''run-of-river reservoir" in the nonflood season (Class 4 and Class 2), ''storage reservoir" in the flood season (Class 4) and peak flow regulation sluice (Class 3). The categories of reservoir regulations were basically similar to the two coarse functional rules (i.e., ''run-of-river" and ''storage") reported in Poff and Hart (2002) and McManamay (2014) , but the category of sluice regulation (peak flow regulation) was opposite to the diversion rules in McManamay (2014) .
The degrees of flow alteration were basically consistent with the storage capacities of reservoirs and sluices. This finding could be further supported by the relationship between water storage and discharge in Zhang et al. (2013b) . However, the impacted indices were different. The impacts of reservoir regulations were the greatest because of their large storage capacities and water storage in the nonflood season. The mainly impacted indices were the magnitudes and variability of low flows and channel drying. Comparatively, the impacts of sluice regulations were moderate, and the mainly impacted indices were the magnitudes of low flows and high flows and the variability, frequency and durations of low flows. At the least regulated stations, certain indices were still altered because of upstream regulations, such as high flow magnitudes, flow variability and low and high flow frequencies.
Comparison with existing studies
The direct classification of the value differences of flow indices between unregulated and regulated conditions was advantageous in capturing the diverse impacts of reservoirs and sluices. The flow regimes were obviously disturbed at 60% of the stations (18 out of 30), and three corresponding types of regulation rules existed in our study area. More variation characteristics were captured in comparison with the results of Zhang et al. (2012b) (only 7 out of 45 stations), although the same data source was used. The main reason is that the traditional comparison between the classifications for regulated and unregulated conditions was subjective, and the index values in each class would be changed obviously although the comprehensive characteristics of flow classes were the same in both conditions. For example, Zhang et al. (2012b) reported that the values of most indices in the same class changed. The most obviously changed indices were LD zr , which increased by 46.7%, 36.2% and 278.2% in Class 1, 2 and 5, respectively, LF 99 (À60.9%) in Class 3, S M (29.5%) in Class 4 and LF 99 (56.3%) in Class 5. The flow regime classes of unregulated stations (e.g., the Huangchuan Station) changed, although the values of flow regime indices were not altered at all. The obvious change of flow regimes in other stations by regulations would cause this results. Mackay et al. (2014) also found that the flow regime classes at more than half of the 113 gauges shifted to other classes without the alteration of dams or weirs in the southeast Queensland.
Furthermore, the flow classifications showed clearly different geospatial and climate patterns among flow classes (Kennard et al., 2010b) , regardless of the regulated or unregulated conditions. These related factors included climate change, land use and geomorphological change, and urbanisation (McManamay et al., 2012; Mackay et al., 2014) . However, the contributions of these factors to the regulated and unregulated classifications were different (Zhang et al., 2012b) . Therefore, the differences between unregulated and regulated flow regimes were helpful in directly identifying the impact of reservoir and sluice regulations and efficiently avoiding the disturbance of other factors.
Conclusions
We combined the hierarchical classification and trend analysis to assess spatial and temporal flow regime alteration in the Huai River Basin. The classification procedure avoided the comparison of changes between the classifications of flow regimes with and without regulation. Moreover, flow regime indices extended to the existing by including the cumulative impact indices (i.e., temporal trends of long-term flow series).
The overall impact pattern of reservoirs and sluices on flow regimes in the Huai River Basin aimed to decrease the high flow magnitudes and increase the low flow magnitudes through time. This pattern also aimed to decrease flow variability and the high and low flow frequencies, while to increase the high and low flow durations. The impact of reservoirs was the most significant, followed by those of sluice regulations and the least regulated stations. The flow regime alterations of 30 stations were clustered into four classes, wherein the flow regimes in three classes (i.e., 60% stations) were altered obviously. These regulated stations were located in the upper and middle tributaries. Moreover, the dominant disturbing flow characteristics were monthly flow magnitude distributions and their variabilities, and the high and low flow frequencies.
The regulation rules of the water infrastructures should be revised to consider these dominant flow characteristics to avoid or reduce the ecological impacts in the downstreams. For example, the regulation rules of reservoirs and sluices in Class 4 should be modified to decrease low flow magnitude and occurrences, and increase high flow magnitude and frequency. The flow magnitude and the high and low flow frequencies should be increased, while flow variability and drying-up period should be decreased through regulations of reservoirs and sluices in Class 2 and Class 3. The scientific regulation principles for reservoirs or sluices should consider the natural flow regime paradigm, environmental flow strategies matched with flow classes and the harmony of ''water quantity-water quality-ecosystem", instead of the socioeconomic oriented regulations (e.g., flooding control and water consumption).
